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SUMMARY

Synthesizedrotor-bladesectionliftandprofile-dragcharacteristics
foranNACA0012airfoilsectionasa functionof’angleof attackandMach
numberforusein calculationsofhelicopter-rotorhoveringperformance

b arepresented.Measuredrotorhoveringperformancefromwhichthemajor
portionofthesynthesizeddatawasderivedispresentedfora rangeof
tipMachnumbersfrom0.28to 0.70. Thesynthesizeddatapresentedfor

. Machnumbersfrom0.70to 0.88werederivedfrom a previousinvestigation
ofanotherbladehavingan NACA0012airfoilsectionat thetip.

At lowtipMachnunibersthesynthesizeddatahavehighermximumlift
andlowerprofiledragatmaximumliftthantheequivalenttwo-dimensional-
airfoildata.At hightipMachnumibers,therateof increaseof dragdue
to compressibilityislessthanthatshownby thetwo-dimensional-airfoil
data.

Therotor-hovering-performancecharacteristicssresimilarto those
shownby previouslyreportedinvestigationsat hightipMachnumbers.
Theprincipaleffectof increasedtipWch nuniberisa largeproffie-~
risewhichoccursatprogressivelylowerblademeanliftcoefficients.

INTRODUCTION

Currenthelicoptertrendstowardincreasedspeedmd higherdisk
loadingshaveresultedin increasedrotationaltipspeeds.As a result
oftheseincreasedtipspeeds,powerincreasesandbladepitchingmoments
dueto compressibilityeffectshavebecomeas importantas stall.onthe
retreatingbladeindeterminingthemaximumforwardspeedof the
helicopter.

w A numerical-integrationmethodwhichmaybe usedin calculating
stallandcompressibilityeffectsin forwardflighthasbeenpresented

w
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inreference1. Theaccuracyof suchcalculationsdependsonthevalidity -
ofusingtwo-dimensionalairfoil-sectiondataforhelicopterperformance.
Ithasbeenfound(atleastinthehoveringcaseinrefs.2 and3)that
usingtwo-dimensionalairfoil-sectiondataresultsinunderestimating &
lowtipMachnumibermaximumliftandinoverestimatingthecompressibility
dragrise. Tworeasonsforthesediscrepanciesareapparent:first,the
bladebouidarylayeris subjectedto centrifugalpurqping,and,second,the
bladehasa finitespanandisthussubjectto thedrag-alleviatingeffects
ofthree-dimensionalflowat thebladetip.

In ordertoprovidemorerepresentativeairfoildataforusein
rotor-performancecalculations,a generalresesrchprogramto synthesize
airfoil-sectionliftanddragcharacteristicshasbeenundertaken.The
synthesizeddataarederivedfrommeasuredhoveringperformanceofa
rotortestedontheLsmgl.eyhelicoptertesttowerandsrepresented
hereinfortheNACA0012airfoilsection.Althoughthesynthesizeddata
arederivedfromrotorhoveringperformance,itcanreasonablybe assumed
(untilprovenotherwise) thatthedataare-equallyapplicableto forward-
flightcalculations. 0

Themeasuredrotorperformanceusedinthesynthesisofthemajor
portionof thedata(withbladetipMachnumbersfrom0.28to 0.70)is #

alsopresentedandcomparedwiththeperformanceofbladeshavingNAM
632-01.5andNACA0015airfoilsections.Thesynthesizeddatawere
extendedtoa Machnumberof0.85by usingthemeasuredrotorperform-
anceovera tipMachnumberrangefrom0.70to 0.88obtainedwitha
bladehavinganNACA0018airfoilsectionat therootwhichtaperedto
an NAC!A0012airfoilsectionat thetip(ref.4).

SYMBOLS

a slopeof section-lift-coefficientcurveasa functionof sec-
tionangleofattack(radianmeasure),assumedtobe 5.73
forincompressible-flawcalculations

b numberofblades

rotor-bladepitching-momentcoefficient,
R% ~ acea
2 ()

CQ rotortorquecoefficient, Q
fi2p(QR)2R
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rotorprofile-dragtorquecoefficient,“

fi2p(QR)2R

rotorthrustcoefficient, T
llR2p(m)2

blade-sectionchordatrtius r, ft

airfoil-sectionprofile-dragcoefficient

incrementalairfoil-sectionprofile-dragcoefficient

equivalentblade-section
!R

cr2dr
chord, 0 , ft

r
R
r2dr

J*

airfoil-sectionliftcoefficient

rotor-blademeanliftcoefficient,

blade-tip-sectionchord,ft

Mch number

incrementalMachnumber

rotor-bladetipWch number

rotor-bladepitchingmomentabout

pmct
Reynoldsnuuiberatbladetip, ~

6~/u

C/k, lb-ft

rotortorque,lb-ft

rotorprofile-dragtorque,

rotor-bladeradius,.ft

radialdistanceto a blade

lb-f%

element,ft
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T rotorthrust,lb

a airfoil-sectionangleofattack,degorradians

%, t rotor-blade-tipangleofattack,degorradians

e blade-sectionpitchanglemeasuredfromlineof zerolift,
radians

P coefficientofviscosity,slugs/ft-sec

P massdensityofair,slugs/cuft

o rotorsolidity,bce~fiR

0. rotorangularvelocity,radians/see

Subscripts:

talc calculated

mess measured
~T3/2

Thefigureofmeritisequalto 0.707—.
%

.

.

—

APPARATUS,TESTMETHODS,ANDACCURACY

RotorBlades —

Therotorusedforthisinvestigationwasa fullya.tticulated,two-
bladerotorwiththeflappinghingelocatedonthecenterlineofrota-
tionandthedraghingelocated12 inches(4.5-percent-radiusstation)
outboardofthecenterline.Thedistancefromthegroundto therotor-
hubcenterwas42 feet.A photographoftperotorinstallationonthe
Langleyhelicoptertesttoweris showninfigure1.

.-

Therotorbladeshada radiusof26.8feetfromthecenterofrota-
tion,a constantchordof 16.4inchesfrom15percentto 98percentof
thebladeradius,anNACAW12 airfoilsection,8° oflinearwashout)and
a solidityof0.0325.Thetipcapwasformedas showninthefollowing
sketch:

9

●
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= 98-percent-radius
station w

Therotor-bladesurfaceforwardofthe28-percent-chordstation
wasfinishedtotrueairfoilcontourwithtolerancesof+0.000and
-0.00~inch.Theremainingpartoftherotorbladedeviatedsomewhat
morefromthetrueairfoil,butwassmoothandfairovermostofthe
area. Therearwardportionoftherotorblade(about3 percentofthe
chord)couldbe deflectedup ordowna fewdegreestoprovidea measure
of controlovertherotor-bladepitchingmoments.

Thebladeshadadjustabletipweightsforspanwiseandchordwise
balance.Inordertoreducethebladelaganglesencounteredathigh
pitchsettings,partofthetestprogram(Mt= 0.28to0.52~was made
by using13.O-poundtipweightsas comparedwiththenormaltipweight
of3.0pounds.

TestMethodsandAccuracy

Thetestswereude by settinggivenrotor-bladecollectivepitch
anglesandvaryingtherotor-shaftrotationalspeedthrougha rangeof
tipMachnumbersuntileitherthelimitinghublagangleof25°orthe
limitingbladestresswasreached.At lowtipMachnunibersbladepitch
angleswerelimitedto 18°orlessbecauseofthelargelagangles.

At eachpitchsetting,datawererecordedfromvisualdialreadings
andby an oscillograph.Quantitiesmeasuredwererotorthrust,rotor
torque,bladepitchangle,bladepitchingmoment,rotor-shaftrotational
speed,bladedragmgle, andbladeflappingangle.

Theestimatedaccuraciesofthebasicquantitiesmeasuredwereas
follows:

Rotorthrust,lb.. . . . . . . . . . . . . . . . . . . . . . . *5O
Rotortorque,lb-ft . . . . . . . . . . . . . . . . . . . . . . *X
Rotor-shaftrotationalspeed,rpm . . . . . . . . . . . . . . . *1
Allangularmeasurements,deg . . . . . . . . . . . . . . . . . +0.2
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Theoverallaccuracyoftheplottedresultsisbelievedtobewithin *
*3 percent.Forexample,ata blademeanliftcoefficient~ of0.81-
andat ~ = 0.48,theaccuracyofthedatabasedonrepeatabilitywas w
within*1 percentforthethrustvalueof 8,254pounds,*1 percentfor
thetorquevalue of 11,022 pound-feet,andN.3 percentfora rotational-
speedvalueof195.4rpm.

METHODOFANALYSIS

Thederivationofairfoil-sectiondatafromthemeasuredrotorper-
formanceinvolvesassumingairfoil-sectionch.macteristics,calculating
rotorcharacteristics,comparingcalculatedresultswithmeasuredresults,
andthenadjustingtheassumedairfoil-sectionpropertiesinsucha man-
nerthatthecalculatedperformanceagreescloselywiththemeasuredper.
formance.Inasmuchas themethodusedinsynthesizingsuchdatahasnot
beenpreviouslyexplainedindetail,themethodwillbe discussedhere x
forreferencepurposes.

Thefirststepin

.

LiftCharacteristics

thesynthesisisanapproximationofthesection
liftcharacteristicsovertherangeofMachnumbersandanglesofattack.- –
Considerablepublisheddataareavailableforguidanceinarrivingat
likelylowMachnumber(lessthan0.1)characteristics(refs.5,6,
and7). GuidanceforthehigherMachnumbercharacteristics(0.3to0.85)
wasobtainedfromunpublisheddataobtainedintheLangleylow-turbulence
pressuretunnelontheNACA0012airfoilsectionandfromreferences8
and9. Reference10 isusefulas a guideindeterminingtheveriation
inmaximumliftcoefficientsintheintermediateMachnumberrange
fromO.1to0.5. AnotherguideusedinformulatingtheLift-curve
slopesasa functionofMachnumberistheFTandtl-Glauertrelationship
whichstatesthatthelift-curve-slopeincreaseisproportional.to the

factor
A

..
.—

Theinitialselectionsof sectionliftcoefficientplottedagainst
Machnuniberandangleofattackarethenusedto calculaterotorthrust
asa functionofbladepitchsettingforthevarioustipMachnumbers.
Themethodusedistheconventionalstrip-analysismethodgiveninref-
erenceI-1,exceptthata tiplossfactorhasbeenintroduced.Theouter
3 percentofthebladeradiusisassumedtohaveprofiledragbutno
lift. *



Iwx TN4357 7

Thecalculationofthesectionangleofattackalongthebladeis
dependentontheslopeoftheliftcurvea aswellas ontheblade
physicalparameters.Since a isdependentofbothangleofattackand
Machnumber,an iterationmethodisusedinitsdetermination.As a
firstassumption,a isgivena valueof5.73andsectionanglesof
attackalongthebladespanarecalculatedforseveralvaluesofblade
collectivepitch.FYanthesesectionanglesofattack,thevariation
of a withangleofattackand~ch numberisobtainedby dividingthe
sectionliftcoefficient(readfrcmthesynthesizeddata)by theangle
ofattack.Thenewvaluesof a srethenusedto calculatea newspan-
wisesection-angle-of-attackdistribution.Usually,twosuchiterations
aresufficientto defineadequatelythesectionangleofattack,thatis,
withinO.1O.

Thesectionliftcoefficientsat thepropersectionkkchnumberand
angleofattackaretheninsertedintotherotor-thrustequations,and
therotorthrustiscalculatedforthegivencollectivebladepitch
settings.

Next,thecalculatedrotorthrustis comparedwiththemeasured
rotorthrustand}ifnecessary,modificationsaremadeto theinitial
assumedsectionliftcharacteristicstomakethecalculatedthrustagree
withthemeasuredthrust.Generally,threeorfoursubsequentadjust-
mentstothesection-liftvalues,especiallyintheareaofmaximumlift
coefficient,arerequiredbeforeagreementtowithinW percentisreached.

Section-Profile-DragCharacteristics

Thesamereferencesusedto guidetheselectionofliftcharacter-
isticsarealsousedin section-profile-dragevaluation.Inaddition,
ithasbeenfoundthattheconventionaldragpolar(ref.12)

cd,O =0.008’7 - o.021&L@ + O.hq,tp (1)

givesa goodapproximationofthelowMachnumbersectiondragup to
anglesofattackfrom8°to 10°. At thehigherMachnunibers,thesngle
ofattackfordragdivergencecangenerallybe easilyobtainedby cal-
culatingthetipangleofattackat thepointwherethemeasured-rotor-
performncecurveinitiallyseparatesfromthelowtipMachnunibercurves.
A firstestimateofthedrag-coefficientrisepastdragdivergence,based
on experienceforrotorbladeshavingtipairfoilsections9 to15per-
centthick,is0.02fora Wch numberincreaseof0.1pastdragdivergence.

Thesectionprofile-dragcoefficientsobtainedby theaforementioned
procedureat theproperMachnuniberandangleofattackaretheninserted
intotheequationsforrotorprofile-dragtorque,andtherotorprofile
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torqueisthencalculatedforthevarioustestconditions.Sufficient
refinementofthesynthesizedsection-profile-bagdataisconsideredto
be obtainedwhenthecalculatedrotortorqueagreeswiththemeasured
datawithin*3 percent.

.

M

Rotor-Hovering-Performance‘Analysis

Themethodusedinanalyzingtherotor-hovering-performancecharac.
teristicsis similarto thatusedinreferences2 and3. Briefly,this
methodshowstheonsetandrateofgrowthofthestallandcompressibility
dragincreasesasa functionoftipangleofattackandblademeanlift
coefficient.

The
fromthe

RESULTSANDDISCUSSION

synthesizedsectionliftandprofile-dragcoefficientsderived +
measuredrotorperformancearepresentedfirst,afterwhichthe

lowtipMachnumbermsJKi&mliftandhi~ tipWch nw&r compressibility
effectsontherotorwillbe discussedandcqed withresultsobtained .
withbladeshavingNACA632-01~andNACA0015airfoilsections.

Itshouldbe recognizedthatsomeofthedifferencesbetweenthe
dataobtainedforbladeshavingdifferentairfoilsectionsandthedif-
ferencesbetweenthesynthesizedsectioncharacteristicsobtainedfrom
rotor-bladedataandtwo-dimensionalairfoil-sectiondatamaybe dueto
differencesin surfacecondition.Everyeffortwasmadeto keepthesur-
facesfairandsmoothalongtheentirebladespanandto keeptheblade
leadingedge(30percentchord)accuratelycontouredwithin(~0.~percent)
overtheoutboardhalfoftherotor-bladeradius.

SynthesizedBlade-SectionCharacteristics

Section-liftdata.-Thesynthesizedsectionliftcoefficientsas a
functionofangleofattackandtipMachnuii6er&e presentedinfigure2,
Thecurveshavebeenextendedbeyondtherangeoftheactualtestmeasure-
mentsandthisareaisindicatedby thedashed-linecurves.Theextensions
arebasedonprobableshapesoftherotor-performancecurvespastmaximum
liftbasedonpreviousexperiencewithotherrotors.A comparisonofthe
synthesizedliftcoefficientswiththoseobtainedfromanunpublishedtwo-
dimensional-airfoilinvestigationmadeintheLangleylow-turbulencepres.
suretunnelisshowninfigure3. At a lowtipMachnumberof0.3,the
blade-sectionstallangleobtainedfromthemeasuredrotorperformance
isabout3° greaterthanthatshownby thetwo-dimensional data, andthe
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blade-sectionmaximumliftcoefficientisabout15percentlarger.Simi-
larincrementsinmaximumliftcoefficientat lowtipMachnumbershave
beennotedinothertests(refs.2 and3). Theotherprincipaldiffer-
encebetweenthetwosetsofdataisa largereductioninlift-curve
slopeofthesynthesizeddataat a Machnumberof 0.8. No explanation
forthisbehaviorisasyetavailable.

Section-profile-dragdata.- Thesynthesizedsectionprofile-drag
coefficientsme showninfigure4 as a functionofWch numbersmdangle
ofattack.AS withtheliftcurves,dataue presentedbeyondtheactual
measurementsandthisareais indicatedby thedashed-linecurves.A
comparisonof thesynthesizedsectionprofile-dragcoefficientswiththose
obtainedfromtheunpublishedtwo-dimensional-airfoilinvestigationis
showninfigure5. Twoprincipaldifferencessreapparent.Thefirst
oftheseisthatat lowMachnumbersandhighanglesofattack(1.2°)the
blade-sectiondatashowwch lowerdragcoefficientsthanthetwo-
dimensionaldata. Thiscomplementsthepreviouslydiscussedlift-
coefficientdatawhichindicatesthatblade-sectionstalland,thus,the
dragriseassociatedwithseparatedflowwouldbe delayedto an angle
ofattackabout2° higherthanthatshownby thetwo-dimensionaldata.
Theotherprincipaldifferenceisthedecreasedrateof growthof can-
pressibilitydragriseat thehighMachnumberscomparedwiththatof
thetwo-dimensional-airfoildata. HighMachnuuiberswereobtainedonly
at thetipoftheblade,andthisdecreaseintiagcoefficientisattri-
butedto thealleviatingeffectsofthree-dimensionalflowaroundthe
bladetip. A similareffect,togetherwithincreasedvaluesofthedrag
coefficientsbelowtheforcebreakandat lowanglesofattack(asis
~lSOshOwnh fig.5), has been pointed out ~ reference13to occ~ as
theaspectratioof theairfoilstestedwasreducedfrominfinity(two-
iimensionaltest)to finitevalues.

RotorHoveringCharacteristics

Themeasuredrotorhoveringperformanceovera tipMachnuuiberrage
from0.28to0.70ispresentedin figure6 asplotsofthrustcoefficient
againsttorquecoefficient.An incompressiblerotor-performancecurve
calculatedby usingtheconventionaldragpolsr(eq.(1))andby assuming
no stall(CZ= ~,t and a = 5.73)iS~esentedforC~iSOn ~th the
experimentaldata. -

A previousinvestigation(ref.14)ofa rotorbladehavingan NACA
0009airfoilsectionat thetipindicateda reductionof 5 to7 percent
inrotormsximumthrustat lowtipMachntiersbecauseofwindvelocities
Of5.2 tO 10.4tiOts.In orderto studythiseffectonthisrotor,data
wereobtainedatwindvelocitiesofO and4.3to 6.9knots.Theinduced
torquecoefficientshavebeencorrectedto thevalueswhichwouldhave

—



10 NACATN4357

beenobtainedat zerowindvelocityby useofthemethodofreference15. ●

Theabsoluterotormaximum-thrustpointwasnotobtainedsincethelimiting
lagangleof25°wasreachedat a collectivepitchsetti~of18°,and
testsat higherpitchangleswerenotattempted,As f= as thecorrected .

datago,theeffectofwindvelocityat tipMach”-nunibersof0.28and0.32
isa slightincreaseinrotorprofile-dragtorqueat thehighestthrust
coefficients.At highertipMachnuniberstheeffectsofwindvelocityon
profile-dragtorquewerenegligible.

Theexperimentalcurveat Mt = 0.28 showsgoodagreementtiththe
calculatedcurveup torotorthrustcoefficientsof0.0048(~ = 0.89).
Thehighestblademeanliftcoefficientobtainedwas1.13. Ifblade
pitchcouldhavebeenincreasedfurther,a maximumblademeanliftcoeffi-
cientaboutthesame(1.17)as thatobtainedfrominvestigationsofrotor
bladeshavingNACA632-015(ref.2) andNACA0015(ref.3) airfoilsec-
tionswouldbe expected”. -.

As thetipMachnumberisincreased,thesametrendsthathavebeen *
reportedinotherhightipMachnumberinvestigationsareobserved,that
is,a progressivereductioninblademeanliftcoefficientfordragrise
as tipMachnumberis increased.At a tip~ch numberof0.70thepres-

.-.
entrotorbladehasa value.of~ of0.46fordragdivergence
(~= 0.0025)comparedwith0.50fora rotorbladehavinganNACA
632-017airfoilsectim”(ref.2) and0.36fcma rotorbladehavingan
NACA0015airfoilsectionat thetip(ref.3).

Bladestallpatternsneermsximumlift.-Bladestallpatternsnear
maximumliftwereobtainedby useofa high-speedmotion-picturecamera
whichphotographedtuftsatt&chedto theblade.Theonsetandprogression
oftheseparated-flowareasanda calculatedspariwiseangle-of-attack
distributionforeachbladepitchangleare presentedinfigure7. The
separatedflowhasbeenarbitrarilycutoffbetweenthe25-and30-percent-
radiusstationssincethecamerafieldof,viewdidnotextendfurther
inboard;however,itislikelythatseparatedfluwactuallyoccurred
farther.Inboard.

Figure7 showsthatseparatedflowoccursat a calculatedsection
angleofattackofabout12°inboardandslightlyabove13°at the
65-percent-radiusstation.Thehigh-speedmotionpicturesindicated
thatseparatedflowinitiallystartedovertherearwardpertofthe

-

airfoil;however,onlya sli~t increaseinangleofattackwasnecessary
to causeseparatedflowovertheentirechord.Also,theseparatedflow
wasintermittentinnature;thatis,theflowwouldseparateandreattach
severaltimesperbladerevolution.

—

.-

.
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Rotor-bladeefficiency.-
bladeefficiencyexpressedas

Theeffectoftip
a figureofmerit

maximumfigureofmeritat lowtipMachnumbers

IL

Wch numberonrotor-
is shownin figure8. The
(O.75)agreeswiththat

obtainedwithbladeshavinglWCA632-015ad w ~~5 a~foilsections”
At a tipMachnmiberof0.70,themaximumfigyreofmeritofthepresent
bladedroppedto0.67as comparedwith0.69fora bladehavingan NACA
63P-015airfoilsectionandwith0.63fora bladehavinganNACA0015air-
foilsection(refs.2 and3,respectively).

EffectoftipWch numberonrotorthrust.-Figure9 showsthevaria-
tionofrotorthrustcoefficientwithbladepitchangle”forvarioustip
Machnunibers.At lowtipMachnumbersandatbladepitchsettingsbel~w
thosewhichproduceseparatedflow,theexperimentaldataagreewellwith
a calculatedcurveusinga section-lift-curveslopeof 5.73.AS tipMach
numberis increased,rotorthrustcoefficientincreases,aswouldbe
expected.A progressiveincreaseinthrqstwouldbe expecteduntillift
divergenceoccurs.Liftdivergencewasnotobtained,however,withthe
presentrotor.A previousinvestigation(ref.4) ofa bladehavingan
NACA0012airfoilat thetipsectionthatwastestedtohighertipMach
numbersindicatesthatliftdivergenceoccurredbetweentipMachnunibers
of0.75andO.~.

Rotor-bladepitchingmoments.-Threedifferentcombinationsofblade-
tipweightmd trailing-edgedeflectionweretested.Rotor-bladepitching
momentsforthesethreebladeconfigurationsarepresentedin figure10.
ConfigurationA (increasedtipweight)wasusedat tipMachnumbers
from0.28to 0.52toreducethebladelag@e athighpitchsettings.
ThelowtipMachnumbercurves(0.28to 0.52)showa stablebreak(nose
down)asblademeanliftcoefficientisincreased.

ConfigurationsB andC (normaltipweight;outer3 feetofblade
trailingedgedeflected0° and3.5°,respectively)indicatem unstable
(noseup)momentbreakat tipMachnunibersfrom0.62to 0.70. This
momentbreakoccursat a slightlylowerblademeanliftcoefficientthan
doesdragdivergence.Datapresentedinreference4 onpitchingmoments
ofbladeshavinganNACA0012airfoilsectionat thetipindicateda
similarmanenttrend,butthemomentbreakwasdelayedtoblademeanlift
coefficientspastdragdivergence.At highertipMachnumbers(0.74
to0.83),reference4 showslittlechangeinpitchingmomentas a function
ofblademeanliftcoefficient.Evidently,forthisairfoilat tipMach
numbersandblademeanliftcoefficientsne= dragdivergence,a small
forwardshiftof centerofpressureoccurs.At Machnumbersbeyonddrag
divergence,thecenterofpressweaPP=s to shiftrearwardagain.

.

*
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RotorProfile-DragTorque d

Theprincipaleffectof stallandcompressibilityhasbeenshown
(refs.2, 3, and14)tobearapid increasei.nrotorprofile-dragtorque. “
Figure~ presentstherateofgrowthofrotorprofile-dragtorquecoeffi-
cientsas a functionof calculatedtipangleofattackforvarioustip
Machnumbers.Theresultsshowthesamegeneraltrendofprogressive
reductionintipsingleofattackfordragdivergenceas hasbeenshown
inpreviousinvestigations.Itshouldbe notedthat,at lowtipMach
numbers,thedragriseshouldbe associatedwiththeanglesofattack
forseparatedflow(fig.7)ratherthanwiththetipangleofattack.

Anothermethodof showingthedragriseandonethatoffersa better
comparisonofoverald_rotorperformanceisaffordedby plottingtheratio
ofprofile-dragtorquecoefficientsas a @nctionofblademeanlift
coefficientat varioustipMachnuaibersas infigureI-2.At lowtipWch
numberstheblademeanliftcoefficientofthepresentrotorbladeat
dragrisewasaboutthesameas thatobtainedintestsofa bladehaving
anNACA632-015airfoilsectionandwasabout10percentlowerthanthat v,
obtainedwitha bladehavingan NACA0015airfoilsection.

.—
At thehigh

tipI&chnumbers(0.70),theNACA0012and~CA 632-015airfoilsections
haveblademeanliftcoefficientsof0.46and0.50,respectively,at drag

.

divergence.Theblademeanliftcoefficie@fordragdivergenceobtained
fora bladehavinganNACAMl15airfoilsectionisabout25percentless
(ref.3).

ComparisonofRotorDrag-DivergenceData

WithTwo-Dimensional-AirfoilData

Thevariationofthemeasuredrotor-blade-tipdrag-divergenceMach
numberswiththeanglesofattackcalculatedfortheblade-tipstation
is showninfigure13. Thepresentdatacurveiscomparedwithtwocurves
basedontwo-dimensional-airfoildata. Foronecurve,thedrag-divergence

—

Machnumberisdefinedas thepointatwhichthevariationof cd,. with
‘d OM at a givenangleofattack,reachesa slope& of0.1. Forthe :“

othercurve,thedrag-divergenceMachnumberoftheairfoilsectionis
takenas thepointatwhichthedragcoefficientfirstshowsan increase
overitsincompressiblevalue.Thelattermethodis similartothe —
methodinwhichtheexperimentalrotordrag-risepointswereobtained.

.—
-—

Therotorexperimentalresultsshowthesametrendsas thoseobtained
froman investigationofa bladewithanNACA0012airfoilsectionat the .
tip(ref.4). At hightipMachnunibers,thedragriseisdelayedtoa
tipangleofattackabout20 higherthanthatindicatedby two-dimensional-
airfoildata.At lowtipMachnuuibersthe.dragriseoccursat lowertip “ _
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anglesofattackthanthoseshownby thetwo-dimensionalresults.As
previouslyexplained,thisdragriseshouldbe associatedwiththeangle
ofattackforseparatedflowoccurringovertheinboardregionsofthe
blade(12°to13°)ratherthanwiththetipangleofattackof9°.

CONCLUDINGREMARKS

Rotor-bladesectionliftandprofile-dragcharacteristicsforan
NACA0012airfoilhavebeensynthesizedforusein calculationsof
helicopter-rotorhoveringperformance.Rotorhoveringperformancefrom
whichthemajorportionofthesynthesizeddatawasderivedispresented
fortipMachnumbersfrom0.28to 0.70.Thesynthesizeddatapresented
forMachnumbersfrom0.70to0.88werederivedfroma previousinvesti-
gationofanotherbladehavinganNAC.A0012airfoilsectionatthetip.

At lowtip Machnumbers,thesynthesizeddatashowhighermaximum
liftcoefficientsandlowerprofile-dragcoefficientsatmaxiruumlifti
coefficientthando thetwo-dimensional-airfoildata.At hightipMach
numbers,therateof increaseindragcoefficientpastdragdivergence
islessthanthatshownby two-dimensional-airfoildata.

Therotorhoveringperformanceas a functionoftipMachnuiber
followsthesamegeneralpatternas thatestablishedby previousinvesti-
gationsofhightipMachnumbers;thatis,a largeincreaseoccursin
profile-dragtorqueoncethecriticalconlbinationof tipangleofattack
andtipMachnumberfordragdivergenceisexceeded.

Lan@eyAeronauticalLaboratory,
NationalAdvisouCommitteeforAeronautics,

LangleyField,Vs.,Jtiy1, 1958.
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Figore2.- Variattonofsynthesizedsection lift coefficient with angle of attack at vanlous
MachnumbersforanNACA0)12 airfoil section.
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FA 13.0 lb. tip weight; tip-weight momentabout
c/4 x 2.7 In.-lb’nosedown;outer10ft.of
bladetrailinge~ge(3percentofbladechord)
deflectedupatapprox.3.0°

—— — B 3.0lb.tlpweight;tl>welghtmomentabout

{
c 4 = 2.5in-lb;noeedown;outer3 ft.of

.004 b adetraflhgedgealignedwithbladechord;
remainderouter7 ft.ssmeasconf@urationA

—— .— c sameasconfigurationB exceptthatouter3 ft.
ofbladetraillngedgedeflecteddmn atapprox.3.50
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Figure 13.- ComparisonofWo-@nsfona.l-atifoildrag-divergencedata
withrotorexperimentaldata.Curvesarefromunpublishedtwo-
Wnsicmal-airfoildatarorI?AU00M?airfoilsection;-Ols
represent~ and ~, t atwhichexperinm?ntaldatafromtherotor
bladeseparatefromthemmw? Calculatiby usingtheairfoildrag
POIU given in ewtim (1).
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